Fluvio-aeolian sedimentary successions host groundwater aquifers at shallow depths (<~0.15 km), which overlie geothermal and shale-gas reservoirs, and nuclear waste repositories at intermediate depths (~0.15-2.0 km). Additionally, such deposits represent petroleum reservoirs at greater depths (~2.0-4.0 km). The need to improve conceptual understanding of the hydraulic behaviour of fluvial-aeolian sandstone successions over a large depth interval (~0-4 km) is important for socio-economic reasons. Thus, the hydraulic properties of the Triassic Sherwood Sandstone aquifer in the UK have been reviewed and compared to similar fluvioaeolian successions. The ratio between well-scale and core-plug-scale permeability (K well-test /K core-plug ) acts as a proxy for the relative importance of fracture versus intergranular flow. This ratio (which typically varies from~2 to 100) indicates significant contribution of fractures to flow at relatively shallow depths (<~0.15 km). Here, permeability development is controlled by dissolution of calcite-dolomite in correspondence of fractures. The observed ratio (K well-test /K core-plug ) decreases with depth, approaching unity, indicating that intergranular flow dominates at~1 km depth. At depths ≥~1 km, dissolution of carbonate cement by rock alteration due to groundwater flow is absent and fractures are closed. Aeolian and fluvial deposits behave differently in proximity to normal faults in the Sherwood Sandstone aquifer. Deformation bands in aeolian dune deposits strongly compartmentalize this aquifer. The hydro-structural properties of fluvio-aeolian deposits are also controlled by mineralogy in fault zones. A relative abundance of quartz vs. feldspar and clays in aeolian sandstones favours development of low-permeability deformation bands.
Introduction
Fluvial and aeolian deposits commonly form thick sedimentary successions (>1 km) in basins for which accommodation was generated in response to compressional, strike-slip and extensional tectonics, as well as thermal subsidence (Bosellini 1989; Waugh 1973 )-for example, continental deposits of fluvial and aeolian origin represent a part of foreland basins such as the fill of the Ainsa Basin in Spain and the Paradox Basin in Utah, USA (Dreyer et al. 1999; Condon 1997) . Fluvial sedimentary successions of Upper Cretaceous to Quaternary age characterize transtensional basins associated with the San Andreas strike-slip fault system in northwestern America (Aydin and Nur 1982) . Siliciclastic deposits of fluvial and aeolian origin also represent significant components of the fills of rift basins that develop at the initial stage of the Wilson Cycles during supercontinent break-up (Wilson 1963) . Examples of such continental deposits are especially well preserved in Permo-Triassic successions due to the initial phase of rifting of Pangaea. These syn-rift deposits are globally widespread, and are represented in North and South America, Europe, Africa, Asia and Australia (Jones et al. 1988; Waugh 1973) .
Siliciclastic deposits of continental origin can serve as important hosts for groundwater resources, and geothermal and hydrocarbon reservoirs (Aldinucci et al. 2008; McKie et al. 2010; Tellam and Barker 2006; Yuan et al. 2015) . Mesozoic sedimentary successions of fluvial and aeolian origin host major groundwater aquifers in Europe, as well as in North America (Heinrichs and Udluft 1999; Morris et al. 2006; Olivarius and Nielsen, 2016; Swanson et al. 2006) . Assessment of groundwater behaviour at a variety of depths is important in geoscience since the depth of well screens for water abstraction is typically <100 m below ground level (BGL) in the vicinity of both European and American industrial cities, and also in rural areas (Tellam and Barker 2006; Worthington et al. 2016) . By contrast, depth intervals associated with nuclear waste repositories are typically 200-1,200 mBGL (Schwartz 2012 (Schwartz , 2018 Tsang et al. 2012; Voss and Andersson 1993) . Furthermore, exploitation of high enthalpy geothermal reservoirs typically involves extraction of fluids at depths ranging from~700 to 1,200 m from sandstone reservoir rocks in areas characterized by a high geothermal gradient (~200°C/km), most notably in areas of active tectonic extension and in subduction-related magmatic arcs (Aldinucci et al. 2008; Chiarabba et al. 1995) . Additionally, at depths up to~2,000 mBGL, siliciclastic aquifers of fluvial and aeolian affinity overlie targets for production of shale gas in NW Europe (Loveless et al. 2018) . Nuclear waste repositories have been sited below thick (~1 km) Triassic sedimentary successions of fluvio-aeolian origin in Great Britain (the main island of the UK) and Czechia (formerly the Czech Republic; Streetly et al. 2000; Witherspoon 1996) . For the aforementioned reasons, the economic interest of the energy industry is considerable (and growing) in the depth interval~0-2,000 mBGL (Ferguson 2012 (Ferguson , 2015 Vengosh et al. 2014) . Hydrogeological characterisation can provide information on the hydraulic behaviour of geological structures such as faults in fluvial and aeolian siliciclastic aquifers at such depths (Ford and Tellam 1994; Tesmer et al. 2007 ). Indeed, faults in sandstone influence the potential for upwards transport of contaminants from both nuclear waste repositories and hydraulically fractured reservoirs of shale gas (Bense et al. 2013 (Bense et al. , 2016 Cai and Ofterdinger 2014; Flewelling and Sharma 2014) . Geothermal production wells are planned in correspondence of extensional faults with large damage zones to exploit the property of maximum permeability parallel to the fracture planes (Loveless et al. 2014; Moreno et al. 2018) .
The relative importance of fracture vs. intergranular porosity flow is particularly sensitive to depth in siliciclastic deposits. This proportion is strongly related to effective flowing porosity and determines groundwater flow velocities. Indeed, the velocity of solute contaminant transport decreases with an increase in the proportion of matrix with respect to fracture flow (Berkowitz 2002; Freeze 1975; Lemieux et al. 2009; Quinn et al. 2011; Ren et al. 2018; Medici et al. 2019a) .
In contrast, residual flow through bedding-plane discontinuities at greater depths (~150-1,500 mBGL) favours horizontal fluxes of contaminants and retards upward migration associated with steeply inclined faults (Wilson et al. 2017 ). Yet, both core-plug-scale and welltest-scale data are required jointly to effectively quantify the impact of geological heterogeneities on flow. To date, such multi-scale studies have focussed primarily on fluvial deposits in specific depth intervals (e.g., Corbett et al. 2012; Medici et al. 2016 Medici et al. , 2018 Zheng et al. 2000 Zheng et al. , 2003 . However, this work reviews the multi-scale properties of both deposits of aeolian and fluvial origin buried up tõ 4 km depth. Previous reviews on the multi-scale properties of fluvial and aeolian successions focus at depths <~150 mBGL (Allen et al. 1997; Tellam and Barker 2006) , or on the effect on flow of the sedimentary heterogeneities to guide hydrocarbon exploration on optimization of oil recovery (Medici et al. 2019b ). The petrohydraulic properties of the Triassic fluvio-aeolian deposits of Great Britain have been reviewed by Medici et al. (2019b) in relation to sedimentological factors including reconstructed palaeoclimate and depositional palaeoenvironment. By contrast, this review focuses on the flow behaviour of mechanical discontinuities of primarily tectonic origin. The absence of significant effects relating to the Alpine orogenesis phase in the Triassic continental successions of NW Europe favours hydraulic characterization of normal fault-related structures (open fractures, cataclasite, deformation bands), together with bedding plane fractures and high angle-inclined joints (Chadwick 1997; Allen et al. 1998; Odling et al. 1999; Gillespie et al. 2001; Hitchmough et al. 2007; Wealthall et al. 2001) . Notably, the UK Sherwood Sandstone Group in NW Europe represents a continental succession present in a rift setting. This succession is here specifically selected for review of the multi-scale properties of fluvio-aeolian sandstones because a large amount of borehole information is published (Allen et al. 1997; Nirex 1992a, b; 1993a, b, c; 1996a, b) . A diverse suite of background hydrogeological data (e.g., matrix porosity and permeability tests, flow logging, packer and pumping tests) is available for this Triassic succession for the following reasons: (1) it represents the second most important UK aquifer in terms of volume of abstraction (Abesser and Lewis 2015; Smedley and Edmunds 2002) ; (2) it comprises the bedrock of large industrial cities such as Birmingham, Liverpool and Manchester (Tellam and Barker 2006) ; and (3) hydraulic characterization for the proposed Sellafield nuclear waste repository has provided data associated with a wide range of burial depths (0-1,200 mBGL; Medici et al. 2018) . The multi-scale properties of the Triassic Sherwood Sandstone Group in the UK are tested against similar fluvioaeolian aquifers (Permian Penrith and Triassic Stuttgart Sandstone formations) and reservoirs (Jurassic Nugget and Ness and Miocene Mae-Taeng Sandstone formations) throughout the world (Bennet and Clark 1985; Price et al. 1982; Zheng et al. 2000 Zheng et al. , 2003 . This comparison has enabled a review of hydraulic data at the core-and well-test-scale up to depths of 4 km, typical for hydrocarbon reservoirs.
The fundamental aim of this research is to establish the role of a range of geological discontinuities (bedding plane fractures, open fractures and deformation bands) vs. the intergranular porosity in a broad depth range of crucial interest for energy industry (~0-4 km). Specific research objectives are as follows: (1) to document the processes that control a reduction of fracture flow and permeability with increasing depth in fluvio-aeolian successions; (2) to propose a specific hydro-structural conceptual model for the siliciclastic deposits of the Sherwood Sandstone Group; and (3) to identify future research needs on the hydro-mechanical behaviour of fault zones in fluvio-aeolian deposits.
The UK Triassic Sherwood Sandstone aquifer

Geological framework
The Triassic Sherwood Sandstone Group (~235-251 Myr, Induan-Ladinian age) comprises a continental sedimentary succession accumulated in a series of sedimentary basins developed in the interior of the Pangaea supercontinent as a consequence of the phase of rifting that preceded the opening of the Atlantic Ocean (Brookfield 2008; Chadwick 1997) . The sediments of the Sherwood Sandstone Group have long been ascribed to a mixed aeolian and fluvial origin (Thompson 1970; Holliday et al. 2008; Mountney and Thompson 2002; Newell 2018) . Fluvial deposits have been related to a major and long-lived braided fluvial system that was present in much of the Triassic realm of Great Britain (Thompson 1970; McKie and Williams 2009) . Indeed, the Triassic fluvial deposits of the Sherwood Sandstone Group are dominated by accreting barform deposits characterized by the coupling of low spread of foreset cross-dip azimuths, and indicative of bifurcation of flow around mid-channel longitudinal bars (Brookfield 2004; Steel and Thompson 1983; Wakefield et al. 2015) . Such characteristics are typical of braided fluvial systems (Colombera et al. 2012 . Overall, the assemblage of lithofacies present in the succession demonstrates accumulation of a fluvial system developed under the influence of an arid to semi-arid climatic regime, which characterized the Mesozoic basins in England and SW Scotland ( Fig. 1a ) during much of the Triassic (Brookfield 2004 (Brookfield , 2008 Meadows 2006; Schmid et al. 2006) .
Extensional tectonic events created horst and graben structures in NW Europe during the Permo-Triassic (Fig.  1b,c) . Morpho-structural highs in Great Britain served as a major source of sediment for fluvial systems. The principal sediment source of these fluvial systems of Triassic age is represented by the Armorican Massif in northern France (McKie and Williams 2009; Medici et al. 2019b) . Extensional tectonics continued after the Permo-Triassic climax and continued to affect basins in England throughout much of the Jurassic and Cretaceous (Chadwick and Evans 1995; Chadwick 1997) . Since that time, NW Europe underwent uplift during the Cenozoic, in response to vertical lithospheric rebound, related either to the seafloor spreading or to the transit underneath the European Plate of a lighter and buoyant asthenosphere (Carminati et al. 2009; Hillis et al. 2008 ). This Cenozoic lithospheric uplift encouraged the development of high-angle (70-90°) inclined stratabound joints (sensu Odling et al. 1999) which terminate in correspondence of the bedding fractures. Such subhorizontal discontinuities arise from the reactivation of the bedding planes. Stratabound joints and bedding plane fractures, which pervade much of the Sherwood Sandstone Group succession, are related to the unloading due to removal of overlying strata as consequence of uplift and exhumation (Gillespie et al. 2001; Kortas and Younger 2013; Hitchmough et al. 2007) .
The deposits of the Sherwood Sandstone Group represent the exhumed fill of a suite of sedimentary basins in Great Britain (Fig. 1c ). The succession accumulated in a series of Permo-Triassic basins: in the West Midlands of England are the Staffordshire, Needwood and Cheshire basins; in northwest England are the eastern Irish Sea and Vale of Eden basins; and at the border between England and Scotland is the Carlisle (or Solway) basin. All of these basins represent half graben-type rift basins (Chadwick et al. 1994; Chadwick 1997) ; however, in southern England, the Wessex and the Worcester basins are symmetric grabens bounded at both margins by major normal faults (Newell 2018) . The exception to the dominant rift-related type of basin formation in the Triassic of the UK is the eastern England Shelf, which is a shelf-edge-type basin that is not bounded by extensional faults and did not experience rifting (Burley 1984; Wakefield et al. 2015) ; here, subsidence was driven by lithospheric cooling or sediment compaction .
Lithofacies associations
In all the Triassic basins of England, the basal part of the Sherwood Sandstone Group is characterized by fluvial deposits, which are dominated by channel-fill architectural elements ( Fig. 2 ; Ambrose et al. 2014; Miall 1996) . The fluvial palaeocurrents dip towards north as a consequence of the principal sediment source which is represented by the Armorican Massif in northern France (Fig. 1a ). An overall northward decrease in mean grain-size and maximum clast-size characterizes the fluvial deposits of the Sherwood Sandstone Group, reflecting the increasing distance from the fluvial sediment source (McKie and Williams 2009; Smith 1990) . The Sherwood Sandstone Group passes upward into increasingly sand-prone deposits, which are characterized by progressively more abundant facies of exclusively aeolian origin (LA3 Lithofacies Association 3; Figs. 2, 3c, 4d). Several authors have identified a general northward increase in the proportion of aeolian vs. fluvial facies from the upper part of the Sherwood Sandstone Group (Brookfield 2004 (Brookfield , 2008  McKie and Williams 2009). The progressive reduction in the discharge of this Triassic system entering a series of interlinked rift basins (see Fig. 1b ,c) may have encouraged aeolian sedimentation, accumulation and preservation in the northern, more distal, basins (Medici et al. 2019b) .
Fluvial lithofacies associations are characterized by conglomerate and pebbly sandstone lithofacies (LA1), and sandstone-prone channels interbedded with floodplain mudstone (LA2). However, lithofacies associations of aeolian origin (LA3) are characterized by cross-bedded dune deposits, fine-grained sandstones of damp interdune origin and siltstones of wet interdune origin (Mountney and Thompson 2002) . Note that detail of lithostratigraphy, lithofacies arrangements and link with depositional palaeoenvironment of the fluvio-aeolian deposits of the Sherwood Sandstone Group can be found in McKie and Williams (2009) and Medici et al. (2019b) .
Mineralogy and diagenesis
Sandstone deposits of the Sherwood Sandstone Group include a variety of lithic arkoses and quartz arenites, depending on relative abundance of quartz, K-feldspar and plagioclase which represent the principal mineral species. Grains of biotite, mica, illite and chlorite are also abundant in these Triassic sandstone deposits (Bath et al. 1987; Holloway et al. 1989; Ixer et al. 1979; Strong 1993; Turner and Ixer 1977) .
Diagenesis has determined the mineralogy of the cement species. Three principal diagenetic events are recognized in the Triassic Sherwood Sandstone Group: (1) early diagenesis, (2) burial diagenesis and (3) syn and post uplift diagenesis (Burley 1984) .
The early diagenesis reflects initial deposition in the rift basins of fluvio-aeolian sediments in the Lower Triassic, under the influence of an arid-semiarid palaeoclimate (McKie and Shannon 2011; Medici et al. 2018) . Smectite, illite, K-feldspar, calcite, hematite and gypsum precipitated during this early stage (Burley 1984) . Then, deposits of the Sherwood Sandstone Group were progressively buried to depths ranging from 1.0 to 3.5 km in on-shore areas during Hounslow et al. 2017 , Newell 2018 Medici et al. 2019b; Worden et al. 2016) the remainder of the Mesozoic. Quartz, dolomite and ankerite precipitated during this period of burial diagenesis (Burley 1984; Strong et al. 1994) . The area has been subsequently uplifted during the Cenozoic due to a vertical rebound of the lithosphere (Carminati et al. 2009; Chadwick et al. 1994; Chadwick 1997 ).
The Cenozoic diagenetic phase syn-and post lithospheric uplift is characterized by removal of calcite, dolomite and evaporite mineral species in the deposits of the Sherwood Sandstone Group (Burley 1984) . This is indicated by development of vuggy porosity and cavities detected by petrographic microscope and optical logs, respectively (Strong et al. 1994; Medici et al. 2018 ). Removal of dolomite and calcite and gypsum cements resulted in increased porosity in the uppermost~150 m of the Triassic successions of the Cheshire and Worcester basins (Allen et al. 1997; Tellam and Barker 2006) . By contrast, the Sherwood Sandstone Group of West Cumbria shows little change in matrix porosity with depth, as shown by the core data of the proposed Sellafield nuclear waste repository. However, removal of calcite was recognized by optical logs in proximity to fractures at 100 mBGL (Medici et al. 2016 (Medici et al. , 2018 .
Mechanical properties and structural style
The Sherwood Sandstone Group is characterized by a wide range of uniaxial compressive strength values (UCS nat of 0-36 MPa), which describe weak to moderately strong rocks (Charalambous et al. 2012; Hawkins and McConnell 1992; Yates 1992 ). Uniaxial compressive strengths tested under natural saturation conditions show regional differences across Great Britain (Table 1 ). The Sherwood Sandstone Group from the Worcester Basin and eastern England Shelf is characterized by UCS nat < 22 MPa (Thompson and Leach 1985; Whithworth and Turner 1989) . By contrast, the Sherwood Sandstone Group in the subsiding Cheshire and eastern Irish Sea basins shows relatively high UCS nat values (17-36 MPa; Table 1 ). Development of stratabound and bedding-plane fractures is controlled by the mechanical properties and lithology. Stratabound joints are particularly well developed in the highly mechanically resistant (17-36 MPa of UCS nat ) Sherwood Sandstone Group of the eastern Irish Sea and Cheshire basins (Allen et al. 1998; Wealthall et al. 2001; Hitchmough et al. 2007 ). Additionally, Allen et al. (1998) Nirex 1997); however, several authors have highlighted the more abundant occurrence of deformation bands in the aeolian deposits of the Triassic Sandstone in the Wessex and Cheshire basins, UK (Griffiths et al. 2016; Kattenhorn and Pollard 2001) . Here, deformation bands form a high-density network occurring either in swarms or conjugate sets (Figs. 4c, d) .
Such contrast in structural styles is associated with difference in faulting between predominantly fluvial (eastern Irish Sea Basin) and aeolian (Cheshire basin) deposits that show similar average porosities (20-22%) in outcrop (Griffiths et al. 2018; Medici et al. 2018) . This difference has been related to the contrasting mineralogy of the fluvial St Bees Sandstone Formation (Strong et al. 1994; Knott 1994) . The presence of an argillaceous matrix and feldspars in fluvial deposits creates a mechanical anisotropy with respect to the quartzofeldspathic grains, which favours brittle failure at relatively low yield stress (Knott 1994) . In contrast, aeolian deposits in the Sherwood Sandstone Group (as in many other aeolian successions worldwide) show a quartzitic matrix, which favours development of deformation bands in fault zones (Fig. 4c,d; Fossen et al. 2007; Knott 1994; Tueckmantel et al. 2012) . Although the mineralogy varies between the aeolian dune and the fluvial channel deposits of the Cheshire Basin, both sandstone types are classified as clean (clay < 5%) sandstones (Burley 1984; Strong et al. 1994; Tellam and Barker 2006) .
The control of lithology on development of open fractures vs. deformation bands in fault zones seems to be a key factor in the UK Sherwood Sandstone Group. Indeed, faults with throw~10-50 m in the aeolian deposits of the Cheshire Basin of Merseyside (and northern Cheshire and western Lancashire) are dominated by fine-grained quartz-rich cataclastic deformation bands (Beach et al. 1997; Griffith et al. 2018 ). This contrasts with the architecture of faults at the same scale in the Triassic fluvial deposits of the eastern Irish Sea Basin in West Cumbria which are characterized by a much lower density network of deformation bands (Knott 1994; Nirex 1997; Griffiths et al. 2018; Gutmanis et al. 1998) . Such deformation bands which are abundant in feldspar, biotite, muscovite and clay minerals, can be classified as phyllosilicate bands (Medici et al. 2018; Strong et al. 1994) .
Another important factor that controls occurrence of deformation bands vs. open fractures is represented by the depth of development of such structures. Previous studies have suggested that relatively shallow depths of burial favours development of open fractures and that deformation bands form after early diagenetic stages at burial depths ranging from 2.0 up to 3.5 km Knipe 1998, 2003; Fossen et al. 2007 ). The deposits of the Sherwood Sandstone Group reached a burial depth of 3.0-3.5 km in the Early Jurassic time according to apatite fission track subsidence curves, both in the Cheshire Basin of Merseyside and the eastern Irish Sea Basin of West Cumbria (Chadwick et al. 1994; Evans et al. 1993 ); hence, here, contrasting structural styles of faults of similar scale (i.e. deformation bands versus open fractures) occur in basins characterized by similar maximum burial depths (Evans et al. 1993; Chadwick et al. 1994; Knott 1994; Chadwick 1997 ). Thus, mineralogy, rather than maximum burial depth, seems to represent a key factor on development of deformation vs. open fractures at least in this case study.
Core-plug-scale properties
The Sherwood Sandstone Group across Great Britain presents matrix porosity and hydraulic conductivity values ranging from 3 to 38% and 1.0 × 10 −6 to 15.0 m/day, respectively (e.g., Bloomfield et al. 2006; Allen et al. 1997; Pokar et al. 2006) . Daw et al. (1974) tested core plugs of the Sherwood Sandstone Group from quarries in the eastern Irish Sea Basin, Cheshire Basin, Staffordshire Basin and eastern England Shelf. Multi-stage triaxial stress experiments were undertaken to discern the respective roles of open fracture vs. intergranular flow at increasing overburden pressure. Daw et al. (1974) found that fractured plugs are much more permeable than those characterized by intergranular porosity; the average ratio between fractured and unfractured plugs ranges from 2 up to 500. Additionally, intergranular permeability is only slightly reduced (by 6-20%) in response to an increase in lithostatic pressure of 7 MPa, representing the overburden pressure at approximately 300 m below the surface. In contrast, the fracture flow component was markedly reduced (by 65-80%) in experiments that applied the same amount of overburden pressure (7 MPa) to plugs of the Sherwood Sandstone Group that contained single Strong et al. (1994) 17-36; Thompson and Leach (1985) 
Wilmslow Sandstone
Formation (Triassic) Cheshire Basin, UK Aeolian/fluvial; Thompson (1970) Silicate/carbonate; Naylor et al. (1989) 31; West (1979) Undivided Sherwood Sandstone Group ( (Daw et al. 1974 4c,d) in the Sherwood Sandstone Group are characterized by generally lowporosity (4-8%) and 10 −3 -10 1 -mm-thick cataclasites (Griffiths et al. 2018; Kattenhorn and Pollard 2001; Tellam and Barker 2006) . In fact, porosity collapse processes are common in relatively high-porosity (>15%) lithified sandstone as consequence of extension related cataclasis (Al-Hinai et al. 2008; Fisher and Knipe 1998; Fisher et al. 2003; Wong et al. 1997) . In this case, the Triassic Sherwood Sandstone aquifer shows a porosity interquartile range of 22-28% and median of 26% (Allen et al. 1997; Tellam and Barker 2006) .
Core-plug-scale hydraulic conductivity analyses are available for deformation bands of the Sherwood Sandstone Group (Bouch et al. 2006; Medici et al. 2014) . These data show how such low-porosity structures possess hydraulic conductivity between 1 and 4 factors of 10 lower than the host rock (Fig. 5 ). This contrast in permeability between deformation bands (K db ) and host rock (K hr ) matches closely or overlaps with results from the Permian Penrith Sandstone (UK), the Jurassic Nugget Sandstone (USA) and the Triassic-Cretaceous Nubian (Egypt) sandstone formations ( Fig. 5 ; Bouch et al. 2006; Gibson 1998; Medici et al. 2014; Tueckmantel et al. 2010 Tueckmantel et al. , 2012 .
Well-test-scale properties
Aquifer transmissivities in the Sherwood Sandstone Group show similar values across Great Britain, i.e. median values range from 100 up to 300 m 2 /day in the various Triassic basins (Brassington and Walthall 1985; Medici et al. 2016; Tellam and Barker 2006) . Such transmissivity values show a positive correlation exclusively for screen lengths <~120 m. This typically arises, at least in fractured carbonate aquifers, from processes of rock dissolution by groundwater flow in correspondence with fractures which control permeability at relatively shallow depths (<~150 mBGL) (Allen et al. 1997; Lemieux et al. 2006; Odling et al. 2013) .
The presence of conductive fractures in the UK Sherwood Sandstone aquifer at depths < 150 m below the ground surface typically precludes linkage between aquifer transmissivity and lithofacies. For example, the fluvial St Bees Sandstone (T = 20-750 m 2 /day) and the aeolian Calder Sandstone (T = 100-210 m 2 / day) aquifers in the eastern Irish Sea Basin, which are characterized by significantly different porosities, and core-plug-scale hydraulic conductivity values, show substantial overlap in transmissivity (Allen et al. 1997; Medici et al. 2016 Medici et al. , 2018 . High mechanical resistance (UCS nat = 17-36 MPa) favours development of open fractures such as stratabound joints and bedding plane fractures, which dominate flow in the fluvial red-beds of the eastern Irish Sea Basin (Thompson and Leach 1985) . Of note, field-scale hydraulic conductivity is~10 2 higher than plug-scale permeability in the eastern Irish Sea Basin of West Cumbria at shallow depths (<~150 mBGL, Allen et al. 1997) . Gibson, 1998) and in the Nubian Sandstone Group (4, Tueckmantel et al. 2010) The studied fluvio-aeolian deposits are highly layered (~K h /K v~3 5-150) at a range of depths (~0-1.1 km), i.e. the horizontal hydraulic conductivity (K h ) is much higher with respect to the vertical hydraulic conductivity (K v ) according to pumping tests (Allen et al. 1997; Streetly et al. 2000) . Thus, hydraulic conductivity is defined as the aquifer transmissivity divided by the screen length. The ratio between well-test-derived hydraulic conductivity and values of core-plug hydraulic conductivity is~4 in the Sherwood Sandstone aquifer in the Cheshire Basin. This value arises from a well-developed stratabound fracturing network (pervasive due to relatively high mechanical resistance, and permeable as demonstrated by packer tests) coupled with relatively high permeability of the matrix (Brassington and Walthall 1985; Hitchmough et al. 2007 ). However, the Triassic red-beds of Great Britain show the lowest difference between well-and core-plug hydraulic conductivities (<2.0) in the slowly subsiding eastern England Shelf and Worcester basins (Allen et al. 1997; Ramingwong, 1974) . This likely arises because low values of mechanical resistance (UCS nat < 20 MPa) do not permit development of fractures in the latter two sedimentary basins (Walsby et al. 1993; Whithworth and Turner 1989; Yates 1992) .
Linkage between well-test transmissivity and presence of faults in the Sherwood Sandstone aquifer is demonstrated in two examples. Faults show high transmissivity in the Triassic fluvial deposits of West Midlands and the eastern Irish Sea Basin, which were tested at relatively shallow (<150 mBGL) and greater (200-400 mBGL) depths (Allen et al. 1997; Medici et al. 2018) . The St Bees Sandstone aquifer of the eastern Irish Sea Basin shows how high values of well-test-scale transmissivity and localization of well in-flows up~1 km depth are in correspondence with fault damage zones (Gutmanis et al. 1998; Medici et al. 2018; Streetly et al. 2000) .
Fluid log, hydraulic head and geochemical data
Bedding plane fractures, subvertical joints and normal faults are all capable of flow in the Triassic Sherwood Sandstone aquifer of UK (Allen et al. 1997) . Indeed, bedding plane discontinuities have been detected as flow pathways at shallow depths (<~150 mBGL) by flow logging under natural conditions in the eastern Irish Sea Basin (Medici et al. 2016) , Cheshire (Hitchmough et al. 2007 ), Worcester (Tellam and Barker 2006) and eastern England Shelf (Rivers et al. 1996) . However, high angle (70-90°) inclined joints occasionally support natural flow at the intersection of the bedding planes in the shallow (<~150 mBGL) Sherwood Sandstone aquifer. This has been detected by flow logging under natural conditions only in the relatively highly mechanically resistant (UCS nat = 17-36 MPa) St Bees Sandstone aquifer of the eastern Irish Sea and Cheshire basins (Medici et al. 2016; Hitchmough et al. 2007) .
Normal faults represent tectonic structures influencing fluid flow in different ways, depending on their structural style (Antonellini et al. 1994; Bense et al. 2013; Caine et al. 1996; Fisher et al. 2018) . Normal faults in the Triassic continental successions of the UK have been shown to represent both barriers and preferential flow pathways (Tellam and Barker, 2006) from hydraulic head and geochemical data. Extensional faults deforming the aeolian facies of the Wilmslow and Helsby Sandstone formations in the Cheshire Basin (Fig. 6a) were recognized as flow-barriers based on contouring of the water table (Fig. 6b ; Seymour et al. 2006 ) and concentration of chloride in groundwater (Fig. 6c ; Mohamed and Worden, 2006) , which follow the structural trends. Such hydraulic compartmentalisation is absent in the fluvial deposits of the UK Sherwood Sandstone Group (Allen et al. 1997; Tellam and Barker 2006) . Development of a high-density network of deformation bands in the aeolian deposits of the Cheshire Basin explains the barrier behaviour of such normal faults (Beach et al. 1997; Hitchmough et al. 2007; Griffiths et al. 2018) . The contrasting hydraulic behaviour of the fluvial and aeolian deposits of the UK Sherwood Sandstone Group in the eastern Irish Sea Basin and Cheshire basins is illustrated schematically in Fig. 7 .
Comparison of UK Sherwood Sandstone and analogous successions
The Sherwood Sandstone Group represents a siliciclastic sedimentary succession deposited in a continental rift setting that can be compared to other sandstone aquifers and hydrocarbon reservoirs of fluvial and aeolian origin (Table 1) . For example, the Permian Penrith Sandstone Formation in NW England, the Triassic Stuttgart Formation in Germany, the Jurassic Ness Formation in the Norwegian North Sea and the Miocene Mae Taeng Formation in the Gulf of Thailand are similar to the Triassic Sherwood Sandstone aquifer in that they represent continental syn-rift sedimentary successions characterized by both carbonate and silicate cements (Hoholick et al. 1984; James et al. 1986; Strong et al. 1994; Trevena and Clark, 1986; Nguyen et al. 2013) .
In contrast, the Jurassic Nugget Sandstone in the USA and the Triassic-Cretaceous Nubian Sandstone Group in Egypt formations represent a continental succession deposited in nonrifting settings (subsidence is driven by flexure of a foreland basin). Despite this, both the Nugget Sandstone and the Nubian Sandstone successions are deformed by normal faults which accommodate either syndepositional differential subsidence or minor postdepositional episodes of extension (Allen et al. 2000; Aronson and Burtner 1983; Lindquist 1988) . Additionally, the latter two continental siliciclastic successions are also similar to the UK Sherwood Sandstone aquifer in terms of mineralogical composition (Table 1) .
Synthesis of hydraulic behaviour of continental successions
A synthesis of information on the hydraulic properties of terrestrial siliciclastic sedimentary successions, from near surface to hydrocarbon reservoir depths, is shown in Figs. 8 and 9 .
Well-test-scale hydraulic conductivity (and transmissivity) in siliciclastic continental deposits decreases with depth ( Fig. 8) , as does the ratio of well-test-and core-plug-scale hydraulic conductivity (Fig. 9) . The ratio between well-test-and core plug-scale hydraulic conductivity is typically relatively high (K well-test /K core-plug > 1.7) at shallow depths (<150 mGL), indicating the important contribution of fracture flow at such depths (Allen et al. 1997; Brassington and Walthall 1985; Ramingwong 1974; Medici et al. 2016) . Additionally, this ratio shows a large variability between the sedimentary successions analysed in Fig. 9 -for example, the ratio between well-test-and core-plug-scale hydraulic conductivity is typi-cally~4 in the Penrith Sandstone in NW England and the Sherwood Sandstone Group in the Cheshire area (so these represent dual-permeability aquifers) but rises up to~10 2 in the shallow depth St Bees Sandstone of the Eastern Irish Sea Basin (essentially a fracture flow aquifer; Brassington and Walthall 1985; Medici et al. 2016; Price et al. 1982) .
Data reported in Fig. 8 suggest that, below shallow alteration zones (<~150 mBGL), fractures in siliciclastic continental deposits progressively close, which leads to dominance of matrix flow at depth >~700 mBGL. In fact, core-plug and well-test scales substantially coincide (K well-test /K core-plug 1.1-1.3) at such depth in the Triassic fluvial deposits of the St Bees Sandstone of the eastern Irish Sea Basin and in the Stuttgart Formation of the North German Basin (Förster et al. 2006; Medici et al. 2018 ). Nevertheless, subhorizontal (0-15°) bedding plane fractures up to~1 km depth contribute to enhance flow anisotropy favouring flow in directions parallel to the beds, leading to aquifer anisotropy that impedes rise of contaminants related to shale gas extraction at such elevated depths (Cai and Ofterdinger 2014; Wilson et al. 2017) .
Figures 8 shows how, at depths > 1 km BGL, matrix flow dominates, because the ratio between core-plug-and well-testscale hydraulic conductivity approximates unity and well-testscale permeability closely approximates intergranular permeability, as illustrated by data from the Mae-Taeng Formation (~2.8 km depth) in the Gulf of Thailand, the Ness Formation (~2.9 km depth) of the North Sea, and the Nugget Sandstone Formation (~3.9 km depth) in Wyoming, USA (Bennett and Clark, 1985; Zheng et al. 2000 Zheng et al. , 2003 . Note that temperature and electrical fluid conductivity logs undertaken at depths >~700 mBGL in the studied fluvio-aeolian sandstones (Figs. 8, 9 ) do not show spikes in correspondence of large bedding plane discontinuities (Förster et al. 2006; Medici et al. 2018; Zheng et al. 2000) .
Nature of alteration and matrix versus fracture flow in continental siliciclastic successions
Alteration of bedding planes and vertical joints has been detected using optical televiewer logs in the Penrith Sandstone and the St Bees Sandstone aquifers of NW England; here, alteration was related to dissolution of calcite cement in correspondence of fractures and matrix pores adjacent to discontinuities (Price et al. 1982; Medici et al. 2016) . Dissolution of carbonate cement enhances porosity at depths <~0.15 kmBGL in the UK Triassic Sherwood Sandstone of the Cheshire and Worcester basins, i.e. intergranular flow is significant in the latter two sedimentary successions (1.3 ≤ K well-test /K core-plug ≥ 4.0; Fig.  9 ). Here, isotopic, major and trace element geochemistry show how calcite and dolomite cements dissolve to produce bicarbonate, magnesium and calcium ions in the UK Sherwood Sandstone Group (Shand et al. 2007 ). Dissolution of carbonate cement, which acts to enlarge pores and fractures, explains the high well-test-scale permeability observed in siliciclastic successions at shallow (~0.15 km depth) depths ( Figs. 8 and 9 ). Recharge and strong groundwater flow at such depths guarantee efficient groundwater refreshment in fractured aquifers. As a consequence of this, fresh groundwater dissolves calcite which is the soluble cement at shallow depths (~0-0.15 km) (Kůrková et al. 2019; Worthington et al. 2016) .
However, carbonate cement dissolution processes do not fully explain the relative importance of fracture vs. matrix flow in shallow sandstone aquifers, which seems to be largely determined by the mechanical properties of the sandstone such as the UCS (Table 1) . Indeed, the Sherwood Sandstone aquifer of the eastern England Shelf and Worcester Basin, which are dominated by matrix flow, are mechanically weak and are not heavily fractured in outcropping faces and boreholes (Fig. 3a) . Stratabound fractures are absent in the pebble beds units of the Worcester Basin and typically do not occur in the Triassic sandstone of the eastern England Shelf (Allen et al. 1998; Bouch et al. 2006 ).
However, fracture flow exceeds intergranular flow in the relatively highly mechanically resistant (see values of UCS nat in Table 1 ) continental successions of the Sherwood Sandstone Group in the Cheshire and eastern Irish Sea basins and in the Permian Penrith Sandstone Formation (Brassington and Walthall 1985; Gellasch et al. 2013; Price et al. 1982; Swanson et al. 2006) . Notably, the shallow St Bees Sandstone aquifer is characterized by a particularly elevated ratio between well-test-and core-scale hydraulic conductivity (~10 2 ), with respect to other mechanically resistant and fractured sandstone types (Fig. 9) .
The highly mechanically resistant sandstone aquifers (including St Bees Sandstone aquifer of the eastern Irish Sea Basin) show several common characteristics. The St Bees Sandstone, the Wilsmlow and the Penrith Sandstone aquifers of NW England are all characterized by silica-carbonate cement (Table 1) . Additionally, these aquifers are currently exposed to weathering in wet climatic conditions. Hence, they show a similar potential in terms of carbonate dissolution by groundwater flow (Burley 1984; Hoholick et al. 1984; Naylor et al. 1989; Strong et al. 1994; Shutes et al. 1997 ). Furthermore, the St Bees Sandstone aquifer has been exposed to weathering for significant time (~2.4 Myr) and is characterized by a similar stratabound fracturing network as the Wilsmlow and Penrith sandstone aquifers due to contemporaneous Cenozoic uplift in NW Europe (Carminati et al. 2009; Chadwick et al. 1994; Chadwick 1997) .
The case of the St Bees Sandstone aquifer of the St Bees-Egremont area remains somewhat unique with regard to its very high ratio of well-test hydraulic conductivity to coreplug-scale hydraulic conductivity (Fig. 9 ). This is because local conditions enhance alteration in correspondence of bedding and stratabound fractures. The St Bees Sandstone aquifer is located in a coastal setting, with tested boreholes located 5 km west of the edge of the Lake District topographic high (Black and Brightman 1996; Brassington and Walthall 1985) . Thus, particularly rapid groundwater flow occurs, driven by the topographic slope towards the sea, which is indicated by measurements undertaken by the Westbay monitoring system in the Sellafield plain which shows hydraulic gradients ranging from 0.15 to 0.35 (Black and Brightman 1996) .
Conceptual model of the hydraulic property variation with depth in continental siliciclastic successions
This review of the hydraulic properties of sandstone aquifers of fluvial and aeolian origin has resulted in the development of the conceptual model illustrated in Fig. 10 . Such sandstone types are characterized by reduction of well-test-scale hydraulic conductivity due to the decrease of fracture alteration and closure processes at increasing depth. A key factor which controls the hydraulic properties of sandstone aquifers at relatively shallow depths (<~150 mBGL) is represented by their mechanical resistance. Weak (UCS nat < 20 MPa) sandstone types (e.g., Bromgrove Sandstone Formation) which show a less developed fracturing network even at shallow depths, are characterized by a dominance of matrix flow. However, fracture flow exceeds matrix flow in sandstone aquifers which are characterized by high mechanical resistance (e.g., St Bees Sandstone and the Penrith Sandstone formations) due to development of pervasive fracturing networks. This hydraulic scenario can be extreme, as for the St Bees Sandstone aquifer (Medici et al. 2016) , when local conditions strongly enhance groundwater alteration of fractures (Fig. 10, top left) . Steep morphologies occurring in the proximity of horsts typically trigger greater groundwater flow and alteration (Black and Brightman 1996) .
Below the shallow fracture alteration zones, well-test-scale hydraulic conductivity in siliciclastic successions tends towards the core-plug-derived values, although this happens at shallower depths for less mechanically resistant formations ( Fig. 10, middle row) . However, at depths >~1 km, all lithotypes investigated show essentially matrix-flow responses approaching the hydraulic behaviour of deep (1-4 km) hydrocarbon reservoirs (Fig. 10, bottom row) . Such deep siliciclastic aquifers are characterized by much higher effective flow porosity with respect to their shallow (<~0.15 km) analogues. Thus, a smaller volume of rock is involved in flow in fracture flow systems, with consequent higher velocity of groundwater flow in shallow aquifers of fluvial and aeolian origin (Berkowitz 2002; Freeze 1975 ).
Role of tectonic structures: normal faults in continental siliciclastic successions
Deformation bands in association with normal faults are found in porous sandstone of continental origin throughout the world (Fossen et al. 2007; Torabi et al. 2013) . Notably, a large amount of literature on such low-permeability tectonic structures focuses on the aeolian-dominated successions in the Paleo-Mesozoic Nubian Sandstone of Egypt (Du Bernard et al. 2002; Tueckmantel et al. 2010) , the Permo-Triassic of the North Sea and Great Britain (Fisher and Knipe 2001; Beach et al. 1997; De Paola et al. 2005; Tueckmantel et al. 2012; Griffiths et al. 2018 ) and the Jurassic of northern America (Aydin 1978; Antonellini et al. 1994 Antonellini et al. , 1995 Davis 1999) . However, normal faults in the fluvial parts of the Triassic Sherwood Sandstone Group succession of UK represent enhanced fluid-flow pathways due to a higher occurrence of open fracture vs. deformation bands in fault zones (Knott 1994; Tellam and Barker 2006; Medici et al. 2016) . The proportion of deformation bands vs. open fractures in porous sandstone depends on three factors which are the fault total throw, burial history and lithology (Fisher and Knipe 1998; Fisher et al. 2018; Mair et al. 2002) . As a consequence, Fossen et al. (2007) compared architecture of faults which deform deposits of fluvial and aeolian origin of similar scale. These authors found that the density of deformation bands in the Jurassic aeolian deposits of Utah is~100 higher than the Triassic fluvial deposits of the North Sea in faults with total throw ranging from 20 to 50 m (Fossen et al. 2007 ). Here, faulted blocks show no geochemical evidence of compartmentalization in these fluvial hydrocarbon reservoirs (Hesthammer and Fossen 2001; McKie and Audretsch 2005) . By contrast, geochemistry shows how normal faults in the aeolian deposits of the UK Sherwood Sandstone Group strongly compartmentalize the aquifer due to development of swarms of deformation bands ( Fig. 6 ; Griffiths et al. 2018; Mohamed and Worden 2006; Seymour et al. 2006 ).
Low-porosity bands also effectively reduce hydraulic conductivity in well tests in the Jurassic aeolian reservoirs of the Nugget Sandstone Formation in Wyoming, Idaho and Utah, USA (Lewis and Couples 1993; Olsson et al. 2004) . In fact, the aeolian equivalents of the Nugget Sandstone in the Jurassic of Colorado and Utah (the Navajo Sandstone) and Arizona (the Aztec Sandstone), are also characterized by a systematic dominance of deformation bands in fault zones (Antonellini and Aydin 1995; Davis 1999; Fossen et al. 2007; Sternlof et al. 2004) . Reduction in well-test-scale permeability in aeolian reservoirs contrasts with the general hydraulic behaviour of faults in sedimentary basins which, despite the presence of a range of flow barriers (e.g., deformation bands, mineralized veins, normal drags and fault smears), typically represent favourable flow pathways where wells penetrate the main fault plane (Ball et al. 2010; Bense et al. 2013; Caine et al. 1996) .
The contrasting behaviour of deposits of fluvial and aeolian origin is illustrated in Fig. 7 for the UK Triassic Sherwood Sandstone Group. Global applicability of this scenario to the fluvial and aeolian successions now represent an achievable challenge. Comparison of the hydro-structural elements of faults in different basins which are related to different rift settings is not straightforward due to their different burial history (Antonellini et al. 1994; Fossen et al. 2007) . Despite this, generalization of the proposed conceptual hydraulic model of faults in fluvio-aeolian sequences is possible via analogue and numerical models of deformation. Indeed, to date such models for development of deformation bands do not consider Fig. 10 Conceptual model of flow to wells in siliciclastic sandstones at increasing depth (unfaulted areas). K is hydraulic conductivity differences on relative proportion of quartz, feldspar and clays in sandstone (De Paola et al. 2005; Olsson et al. 2004; Fossen et al. 2007; Klimczak et al. 2011; Tindall and Eckert 2015) .
Conclusions
This article provides valuable insights for management of deep (~0.15-2.0 km) siliciclastic fluvio-aeolian aquifers which are the object of renewed attention due to the growing interest in geothermal energy and protection from escape of contaminants from deep hydraulic fracturing of shale gas reservoirs, and in connection with deep nuclear waste repositories. Normal faults in fluvial siliciclastic deposits represent flow heterogeneities of tectonic origin which typically act as favourable flow pathways potentially enhancing production from geothermal wells which target these faults planes, but also increasing the potential for escape of contaminants from deep shale gas reservoirs and nuclear waste repository facilities. However, normal faults in aeolian deposits are commonly associated with high-density networks of deformation bands; as such, these faults act to reduce well-test-scale hydraulic conductivity, even in cases where they are intercepted by the producing well.
Both well-test-scale hydraulic conductivity and the ratio between well-test-and core-plug-scale hydraulic conductivity decreases with depth in both fluvial and aeolian siliciclastic sedimentary successions. Changes in this ratio arise from a much larger reduction in fracture permeability compared to matrix permeability, with increasing depth. This is due to fracture alteration (driven by calcite cement dissolution) being restricted to the zone of meteoric groundwater circulation in approximately the upper hundred metres, and fracture closure by lithostatic pressure at greater depths.
The ratio between well-test-and core-plug-scale hydraulic conductivity is typically relatively high (~4) at shallow depths (<~150 mBGL) in relatively high mechanically resistant (UCS nat >~20 MPa) sandstones due to favourable conditions for fracture development. The ratio rises to~100 in the shallow St Bees Sandstone aquifer, in a coastal setting close to the bounding basin faults, due to particularly vigorous groundwater flow related to the presence of an adjacent morphostructural high (the Lake District Massif). The difference between core-plug-and well-test-scale hydraulic conductivity decreases in mechanically resistant sandstones at greater depths, approaching unity at~1 km depth. Thus, above this threshold depth, bedding plane fractures are capable of flow. However, at depths >~1 km, siliciclastic successions of continental origin are dominated by intergranular flow, and hence are approaching the hydraulic behaviour of hydrocarbon reservoirs at even greater depths (up to~4 km). Mechanically weak terrestrial siliciclastic aquifers are dominated by intergranular flow even at relatively shallow depths (<~150 mBGL) because they are less prone to fracture development.
Results from this review find practical applicability in management of deep aquifers. Indeed, faults in fluvial deposits represent an optimum target, at least in comparison to those displacing aeolian successions, for enhancing recovery of fluids in geothermal reservoirs. Despite this, flowing bedding plane fractures can partially take over from this conduit behaviour in fluvial deposits. Bedding planes may favour fluid flow parallel to the beds discouraging the rise of contaminants from nuclear waste repositories and hydrofracturing of shale gas reservoirs near faults. The contribution of mechanical discontinuities to flow in fluvial-aeolian successions decreases with depth to a level where intergranular flow becomes dominant. In matrix flow aquifers, the effective flowing (kinematic) porosity, which represents a key parameter for modelling of solute contaminant transport, is larger than that in fracture flow systems. Thus, with increasing depth in fluvial-aeolian successions, there tends to be a decrease in the migration velocities of contaminants. In this article, the hydraulic properties of fluvio-aeolian sedimentary successions have been reviewed to develop better-informed conceptual models over a wide depth interval (~0-4 km), which is of particular interest across multiple branches of the energy industry sector.
